Vespicochory, seed dispersal by hornets, is an uncommon seed dispersal pattern in angiosperms. To date, this phenomenon has been recorded in only four families. Because of its rarity, the causes and consequences of vespicochory remain unclear. Hence, this seed dispersal syndrome is often regarded as anecdotal.
Introduction
Mutualisms play a key part in ecological systems and drive the evolution of much of the world's biological diversity (Bronstein, 2001) . Seed dispersal by animals is a complex mutualistic interaction involving a great diversity of plant and animal species with significant ecological and evolutionary consequences for plant communities and species survival (Howe & Smallwood, 1982; Thorsen et al., 2009; Farwig & Berens, 2012) . Seed dispersal includes several common types of mechanism, including gravity or ballistic, wind, water, burs on animals, frugivory, scatter hoarding and ants (Thorsen et al., 2009; Lengyel et al., 2010) . To date, birds and mammals are the main biotic seed dispersers in most plant communities, and these mechanisms have been studied in depth (Tiffney, 2004; Thorsen et al., 2009; Rodr ıguez et al., 2013) . However, the importance of seed dispersal by invertebrates, with the exception of ants, has received comparatively little attention (Bronstein et al., 2006; Giladi, 2006; de Vega et al., 2011) . Therefore, discoveries of uncommon mechanisms seed dispersal by invertebrates such as wetas, beetles, cockroaches, cricket, and slugs usually evoke public curiosity towards animal-plant mutualisms (Duthie et al., 2006; T€ urke et al., 2012; Midgley et al., 2015; Uehara & Sugiura, 2017; Suetsugu, 2018) . Moreover, these studies are important because they point to an underappreciated but widespread and important mechanism of seed dispersal.
Seed dispersal by social hornets, termed vespicochory by Jules (1996) , is an unusual seed dispersal syndrome. This phenomenon was reported for the first time in Vancouveria hexandra (Pellmyr, 1985) , and later in Trillium ovatum, Aquilaria sinensis and Stemona tuberosa (Jules, 1996; Manohara, 2013; Chen et al., 2016a Chen et al., , 2017 . Due to its rarity in seed dispersal and comparative lack of study, the reasons why hornets have developed a preference for the diaspores of these plant species are still unclear. To date, little is known about the mechanisms by which diaspores promote foraging by hornets. The means by which hornets See also the Editorial by Kessler, 220: 655-658.
locate, recognize and accept their mutualist seeds also are still unknown. Interestingly, the four nonrelated plant taxa mentioned above are all typical myrmecochorous plants (Lengyel et al., 2010) . Previous studies revealed that lipid-rich seed appendages, termed elaiosomes, are an actual reward to ants in myrmecochory (Gorb & Gorb, 2003; Edwards et al., 2006) . Bioassays and chemical analyses demonstrated that the nonvolatile lipids found in elaiosomes were similar to the haemolymph of the typical insect prey of ants (Hughes et al., 1994; Gammans et al., 2005; Fischer et al., 2008) . Indeed, in a recent study, we analyzed the nutritional quality of seeds and the corresponding elaiosomes in the myrmecochorous plant Stemona tuberosa. The results indicate that elaiosomes of S. tuberosa accumulate easily digestible low molecular weight compounds. The essential nutrients from the elaiosomes may contribute to maintain the hornet-plant mutualism (Chen et al., 2016b (Chen et al., , 2017 .
Social Vespidae such as hornets are opportunistic, generalist prey foragers, and they feed their larvae with different arthropods, including caterpillars, flies, bees and other social wasps. The location, recognition and acceptance of food for these insects are complex processes (Richter, 2000) . Previous studies revealed that hornet foragers are sensitive to olfactory and/or visual cues and these cues play an important role in attracting hunting hornets to their potential foods (Brodmann et al., 2009; Couto et al., 2014; Wang et al., 2014) . Furthermore, various hydrocarbons are known to play an important role in the chemical communication of wasps or hornets (Ruther et al., 2002; Costanzi et al., 2013; Wang et al., 2014) . Moreover, green leaf volatiles or bee alarm pheromones emitted from flowers attract wasps or hornets for pollination (Brodmann et al., 2009 (Brodmann et al., , 2012 . However, gustatory cues might promote hornets to recognize and accept their foods (Richter, 2000; Chen et al., 2016b) . Therefore, we infer that social Vespidae might detect various cognitive cues from the diaspores of certain myrmecochorous plants. These cues may manipulate the behavior of the social hornets and maintain their mutualistic relationships with diaspores.
The family Stemonaceae is regarded as a model lineage of myrmecochorous plants (Lengyel et al., 2010) . In our recent study, through field investigations and behavioral assays conducted in four populations of Stemona tuberosa from 2011-2016, we demonstrated that hornets are the primary seed dispersers of S. tuberosa and play an important role in long-distance seed dispersal (Chen et al., 2017) . The mutualistic interaction between hornets and S. tuberosa and the potential benefits to both hornet and plant have been demonstrated (Chen et al., 2016b (Chen et al., , 2017 . However, the mechanism by which the diaspores promote foraging by hornets is unknown. Interestingly, foragers of the hornet genus Vespa, which are relatives of ants (Johnson et al., 2013) , were observed pouncing on the diaspores of S. tuberosa as if they were trying to 'kill' them by biting, much like their behavior when attacking prey (Chen et al., 2017; Fig. 1a-l; Supporting Information Movie S1). The capsules of S. tuberosa are often covered by leaves and the Vespa foragers may not find it easy to locate the diaspores through visual cues alone. Therefore, we infer that the odours from the diaspores may mimic a signal from the hunting hornets' food to attract them to the seeds. In this study, through chemical analysis, electrophysiological tests, analysis of chemosensory proteins by hornet antennae, and behavioral bioassays, we address the following questions: first, which part of the diaspore of S. tuberosa attracts hornets?; second, do visual and/or olfactory cues from diaspores of S. tuberosa play an important role in hornet attraction?; and third, does learning behavior in hornets promote seed dispersal efficiency?
Materials and Methods

Study location, plant and hornet materials
Stemona tuberosa is a traditional medicinal plant in China, South and Southwest Asia, and is listed as an important medicinal plant in the Pharmacopoeia of China (Ji & Duyfjes, 2000) . The species has a wide distribution that covers > 10 countries in Asia, according to the specimen records from the Global Biodiversity Information Facility (https://www.gbif.org/). Stemona tuberosa often grows in shaded areas in the dark rainforest understory and fruits from July to October (Ji & Duyfjes, 2000) . The capsule of S. tuberosa contains brown seeds with yellow-grayish elaiosomes (Fig. 1a) .
In this study, all experiments were conducted from 7 August to 28 October during [2011] [2012] [2013] [2014] [2015] [2016] [2017] (Ji & Duyfjes, 2000) .
Vespa velutina is a very common hornet in Asia. Its natural distribution range covers all wild populations of S. tuberosa according to the specimen records from the Global Biodiversity Information Facility. The hornets feed their larvae with different insects (Li, 1985) . Several hornet species are known to be the primary seed dispersers of S. tuberosa, and to play an important role in long-distance seed dispersal, and V. velutina are the most effective seed dispersers of S. tuberosa (Chen et al., 2017) . In this study, foragers from the hornet species V. velutina, collected in KBG and FN, Yunnan, China, were used for behavioral experiments, analysis of chemosensory proteins and electrophysiological analyses. A total of 32 hornet nests, 23 from KBG and nine from FN, were used during 2011-2017. During the bioassay period, no artificial feeding was conducted and all hornets looked for foods without any restrictions.
Interaction between hornets and the diaspore of S. tuberosa
In order to compare the relative importance of the different parts of the diaspore (seed + elaiosome; Fig. 1a ) to V. velutina, behavioral experiments were conducted at the KBG. All bioassays were conducted between 10:00 h and 17:00 h, a time of peak patrolling activity for V. velutina foragers. Four nests of V. velutina were collected from an area adjacent to KBG and were transferred to a flight cage (8.6 9 6.4 9 2.4 m). The nests were hung in four corners of the cage. The cage was opened by a hole with a diameter of 10 cm to let hornets forage for foods freely. A table was placed in the center of the flight cage and used as a foraging area for the hornets. Three Petri dishes (diameter 10 cm), one containing 10 diaspores, one containing 10 seeds and one containing 10 elaiosomes, were placed on the table. Each trial lasted 30 min. To avoid position effects, the positions of the dishes were changed every 5 min. The trial was repeated 10 times on different days during September in 2012. The removal rates of whole diaspores, seed or elaiosome by hornets from different nests were compared. Similar trials were conducted at the FN without a flight cage during September 2014. However, here the trial was repeated 11 times.
In order to study the nest-based recruitment and learning behavior of hornets, we marked 35 individuals of V. velutina from the four nests (at least seven individuals per nest) and observed their revisit rates to potential feeding sites at the KBG during September 2014. For exact monitoring of individual hornet's foraging behavior, hornets were labeled with tags, each with an unique number (Fig. 1l) , following Schneider et al. (2012) . The tags were attached to the hornets on the dorsal part of the thorax when they visited the capsule of S. tuberosa for the first time. The diameter of the tag was 2.5 mm, and the weight was c. 2.0 mg. Hornets were caught using a specially designed device comprising a plastic tube with one end closed with an elastic mesh. Hornets were gently pushed against the net with a soft foam plastic-covered plunger, such that the tags could be glued to the dorsal part of the thorax with a drop of glue through a hole in the mesh, after which the glue was allowed to dry for 10 s. When a hornet was biting a capsule, we captured it and marked it with a tag. The treatment did not apparently affect foraging (2014) . In the bioassays, an intact capsule represents O + V; an odorless capsule (a fresh capsule treated for 24 h in dichloromethane via Soxhlet extraction to remove volatiles) represents V; an odorless capsule without seeds soaked in 100 ll extracts from an intact capsule represents O, an odorless capsule without seeds soaked in 100 ll dichloromethane represents the control C. These behavioral experiments were conducted in the same flight cage using the method described above. Hornets were offered both sample and control on an iron shelf constructed to provide either visual or olfactory cues only, or both. The shelf was placed on top of a table; the basic construction of the shelf is shown in Fig. 2 
(a).
Bioassays of hornets towards each dual-choice test each lasted 20 min. The response of the hornet was classified into two categories: (1) approach (A) (< 5 cm), a zigzag approach towards the sample or control without any contact, and (2) landing (L), either a short pouncing contact with the sample or control, or a longer contact involving biting behavior. In each dual-choice test, the position of samples and the control was changed every 5 min to avoid position effects. Odor sources were presented individually for each test. Each sample or control was used only once and placed in the patrolling area of V. velutina after evaporation of the solvent. To avoid learning effects of V. velutina, we caught visiting hornets with a pooter (Movie S2). The number of hornet responses to the sample or control was recorded. Each dual-choice bioassay was repeated 10 times on different days during October 2015.
Do hydrocarbons from elaiosome attract seed dispersers of S. tuberosa?
In order to study the hydrocarbon composition of the elaiosome, we modified the traditional solution extraction method as described in previous studies (Schiestl et al., 1999; Vereecken & Schiestl, 2008) . In this study, 18 diaspores of S. tuberosa were randomly selected from the KBG population (three capsules per individual, six individuals) and 11 diaspores from the FN population (at least two capsules per individuals, four individuals) in September in 2014. Each diaspore was removed by forceps. Odor samples from elaiosomes and seeds of S. tuberosa (n = 29) were extracted from mature capsules within 1 d by dipping each elaiosome or seed in 500 ll of dichloromethane (HPLC grade) for 60 s. To reveal the differences in chemical composition between diaspores and leaves of S. tuberosa, five leaves from different individuals of the KBG population were extracted using the method mentioned above. All extracts were stored at À20°C in a freezer until subsequent analysis. Before gas chromatography (GC) analyses, 3 lg nnonane was added as an internal standard to each sample.
In order to identify the hydrocarbon composition of the different samples, all surface extracts were analyzed using an Agilent Technologies (Palo Alto, CA, USA) HP 6890 gas chromatograph, equipped with a HP-5MS column (30 m 9 0.25 mm inner diameter, 0.25 lm film thickness), and linked to an HP 5973 mass spectrometer. Helium was used as a carrier gas at a flow rate of 1 ml min À1 . Split inlet and FID were held at 250°C. Column temperature was programmed to rise from 40°C (5-min hold) to 250°C (20-min hold) at 3°C min À1 . The mass spectra were taken at 70 eV (in EI mode) with a scanning speed of 1 scan s À1 from m/z 30 to 500. Compounds were identified by comparing mass spectra and relative retention times with those of standard compounds and with the Wiley NIST 05 mass spectral database. The absolute amounts of extracts were calculated by the internal standard method as described in Vereecken & Schiestl (2008) . Their relative proportions (%) were calculated by dividing the absolute amounts of individual compounds by the sum of all compounds and multiplying by 100. The double-bond positions of the alkenes were determined by dimethyl disulfide (DMDS) derivatization (Buser et al., 1983) .
In order to detect active compounds from elaiosomes of S. tuberosa, we used a custom gas chromatography coupled with electroantennographic detection analysis (GC-EAD) system Wen et al., 2017) . For each preparation, we severed one antenna from an individual of V. velutina, cut the tip open with iris scissors, and mounted it between the glass reference electrode and the recording electrode, both containing insect Ringer's solution. An HP7890B GC (Agilent, Palo Alto, CA, USA) was used. Samples were injected under purged-splitless mode at 250°C. A HP-5 (30 m 9 320 lm 9 0.32 lm; Agilent, USA) column was used with 2.0 ml min À1 Nitrogen as carrier gas. The oven ramp was set as 50°C for 2 min and then 10°C min À1 to 290°C for 10 min. The outflow from the GC column was diluted and delivered to the antennal preparation with a clean, wet and static-free air flow at 37 cm s À1 . In the GC-EAD test after GC-FID analysis, the GC column was removed from the FID and the separated compounds were directly delivered to the EAD with a custom, 40 cm long heated (250°C) transfer line. With the binding of odorant molecules to the odorant receptors, the electrophysiological status of antennae will change when responding to active chemical compounds, generating depolarized signals that are synchronized with the elution of the active compounds in GC. The EAD signal was recorded with HP 34465A digital multimeter (Keysight, Palo Alto, CA, USA). Both EAD and FID signal data were aligned, when reconstructing the chromatographs, with CHEMSTATION (Agilent) and BENCHVUE (Keysight) software. We considered a substance to be EAD active when it is proved to be active in 80% replicates. The minimum repeat number was 16 times.
In order to test the functions of EAD-active compounds, the responses of hornets towards the elaiosome extracts vs control, the EAD-active compounds vs control, and the elaiosome extracts vs the EAD-active compounds were tested at the FN location in September 2015. In the bioassays, the odorless capsule dummies were impregnated either with 100 ll samples or with dichlormethane for the control. The concentration of the extract and the EAD-active compounds was equivalent to those from one capsule. The experimental procedure was identical to that at KBG as described above. However, the bioassays were conducted without a flight cage. The sample of synthetic EAD-active compounds consisted of 1.38 lg nonadecane, 3.18 lg eicosane, 45.19 lg heneicosane, 47.39 lg docosane, 88.96 lg (Z)-9-tricosene, 132.35 lg tricosane, 29.87 lg tetracosane, 28.28 lg pentacosane and 1.42 lg hexacosane dissolved in 100 ll dichloromethane. Synthetic compounds were purchased from Sigma-Aldrich, except for (Z)-9-Pentacosene, which was not available, and the purity of the purchased compounds ranged from 98% to 99%. The number of hornet responses to the sample or control was recorded. Each dual-choice bioassay lasted 20 min and the bioassays were repeated 10 times.
In order to elucidate the molecular recognition of chemosensory proteins (CSPs) and examine their involvement in olfactory function in this study, both of novel CSP genes (VvelCSP1-2) in V. velutina were identified and their tissue distributions were also determined by quantitative reverse transcription polymerase chain reaction (qRT-PCR). The antennal activity of V. velutina workers to EAD-active compounds from the diaspores of S. tuberosa was studied using electroantennogram. Their binding affinities to VvelCSP1-2 proteins were measured using fluorescent competitive binding assays. More experimental details are presented in Methods S1 and Table S1 .
Data analysis
The mean revisit frequency of tagged hornet to diaspores and the average mass of extracts from one elaiosome was calculated The numbers in the bars indicate the absolute number of responding hornets. Significant differences between the different treatments at significance levels of: ***, P < 0.001; **, P < 0.01; *, P < 0.05; nt, a statistical test was not conducted; ns, no significant difference was found.
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New Phytologist according to a one-sample t-test. Differences of the removal efficiency of diaspores, seeds or elaiosomes by hornets were analyzed using one-way ANOVA with Tamhane's post hoc analysis. To compare the numbers of hornets that showed a specific response (approach, landing, approach + landing) to the different materials in a particular dual-choice test, an observed vs expected nonparametric chi-square test was conducted on the pooled data of the different replicates. All the analyses were conducted in SPSS 19.0 software (SPSS Inc., Armonk, NY, USA) and all means are presented AE SE.
Results
Interaction between hornet and diaspore of S. tuberosa Diaspore, elaiosome and seed carrying experiments indicated that the remaining number of diaspores, elaiosomes, and seeds was 1.30 AE 0.42 (n = 10), 1.40 AE 0.37 (n = 10), and 10 (n = 10) at the KBG population. There was a significant difference between the amount of materials remaining following different treatments (F 2,27 = 236.305, P < 0.001, one-way ANOVA). However, no significant differences were found between the numbers of remaining diaspores and elaiosomes (P = 0.997, one-way ANOVA, Tamhane's post hoc). The results imply that diaspores and elaiosomes elicited significantly more carrying behavior in V. velutina than do seed controls (Fig. 3) . Hornets never carried seeds without elaiosomes. Furthermore, elaiosomes elicited the same amount of carrying behavior as intact diaspores (Fig. 3) . The obtained results imply that elaiosomes rather than seeds elicit carrying behavior in hornets. Similar results were found in the FN population (Fig. 3) . The record of foraging behavior of 67 tagged hornets indicated that the number of revisits was 29.67 AE 8.40 times at the same site. In an extreme case, one individual of V. velutina was observed to revisit capsules of S. tuberosa > 128 times within 7 d. However, no nest-based recruitment behavior of hornets could be observed in this study, because the tagged hornets did not recruit other individuals from the same colonies. Only tagged hornets visited capsules during the observation period.
Olfactory cues from capsule of S. tuberosa attract hornets Bioassays 1-3 indicated that olfactory cues alone, or visual + olfactory cues attracted more hornets than the controls; however, visual cues alone presented similar attractive ability to the control (Fig. 2b) . In bioassay 1, the nonparametric chi-square test indicated that approach, landing and approach + landing behaviors of hornets to sample and control were significant differences (approach: v 2 = 8.895, df = 1, P = 0.003 ˂ 0.01; landing: v 2 = 56.889, df = 1, P ˂ 0.001; approach + landing: v 2 = 65.154, df = 1, P ˂ 0.001). Bioassay 2 revealed that, if only the visual cue was presented to V. velutina in a dual-choice bioassay, the hornets approached the sample or control, but they seldom landed on either (Fig. 2b) . The results of bioassays 4-6 indicated that olfactory cues, and visual + olfactory cues attracted significantly more hornets than visual cues alone, however, olfactory cues alone may show a similar attraction for hornets as the combination of olfactory and visual cues (Fig. 2b) . The results revealed that olfactory cues from elaisomes attracted hornets to approach and land on the capsules (Movie S3). More details of the statistical results of bioassays were presented in Fig. 2(b) .
Hydrocarbons from elaiosome attract seed dispersers of S. tuberosa
The total mass of extracts from one elaiosome is c. 26.92 AE 2.20 lg (n = 29), However, no hydrocarbons could be found on Fig. 3 Attractiveness of different parts of a Stemona tuberosa diaspore to hornets tested in the Fu Ning (FN) and Kunming Botanic Garden (KBG) localities, Southwest China. Bars represent the median numbers of remaining diaspores, elaiosomes and seeds AE SE of the mean. Significant differences between the different treatment at significance levels of: **, P < 0.001; ns, no significant difference. Photographs on the right show a hornet malaxating a diaspore (above) and discarding the seed (below) in a flight cage.
the surface of the seeds. We only measured the relative hydrocarbon composition (%) of leaves because of the irregular leaf area. A total of 21 compounds could be identified by GC-MS from the elaiosome and the leaves of S. tuberosa (Table 1) . These compounds from elaiosome and leaves were straight-chain saturated and unsaturated hydrocarbons. GC-EAD revealed 10 biologically active compounds in extracts from elaiosomes (Fig. 2c) . The composition of hydrocarbons differed significantly between elaiosomes and leaf samples and no active compounds could be detected in the extracts from the leaves (Table 1) . Behavioral experiments showed that V. velutina significantly preferred the odors of the elaiosome extracts and the EAD-active compounds compared to the control (Fig. 2d) . However, the hornets showed no preference for the extracts obtained from the elaiosomes vs the EAD-active compounds (approach: v 2 = 1.383, df = 1, P = 0.24; landing: v 2 = 1.829, df = 1, P = 0.176; approach + landing: v 2 = 3.01, df = 1, P = 0.083). More details of the statistical results of bioassays were presented in Fig. 2(d) .
Interaction between hydrocarbons and chemosensory proteins of hornets
The expression pattern of VvelCSP1-2 genes in V. velutina The transcript expression levels of VvelCSP1-2 genes in various tissues of adult hornets were measured by qRT-PCR with tubulin gene control. As shown in Fig. 4 , the real-time qPCR results showed that both VvelCSP1 and VvelCSP2 are highly expressed in the antennae, suggesting a major olfactory role of these proteins in the V. velutina workers. Additionally, the expression levels of VvelCSP1-2 genes in the head (without antennae) were significantly higher than those in other tissues such as thorax, abdomen, legs or wings (Fig. 4) . This highlights the involvement of these proteins in gustation in the adult hornet.
Sequence analysis and recombinant expression of VvelCSPs The VvelCSP1-2 genes contain an open reading frame (ORF) of 384 and 378 bp, respectively. The predicted amino acid sequences of VvelCSP1-2 have the typical four-cysteine signature of insect CSPs with a signal peptide of 22 and 17 amino acid residues at the N terminus, respectively, which are believed to form two disulfide bridges and the hydrophobic domains (Fig. S1) . Moreover, both of the CSPs showed a common cysteine sequence motif of C1-X 6 -C2-X 18/19 -C3-X 2 -C4 (Fig. S1) . Hence, they display the characteristics of a chemosensory protein family, which is similar to AcerCSPs (Li et al., 2016) . The calculated molecular masses of mature VvelCSP1-2 proteins were 12.35 and 12.41 kDa, and the calculated isoelectric points of mature VvelCSP1-2 were 8.436 and 8.299, respectively. The amino acid sequences of two CSP genes show obvious similarities with previously identified CSPs in other Hymenoptera (Fig. S1 ). VvelCSP1 is similar to AcerCSP1 (GenBank: ACI03402.1) and Ssp.CSP1 (GenBank: ALG36154.1) with identity values of 32.28% and 37.01%, respectively, whereas VvelCSP2 is similar to MpulCSP2 (GenBank: AQN78396.1) and CcinCSP4 (GenBank: ARN178 35.1) with identity values of 65.60% and 74.40%, respectively. The neighbor-joining tree revealed that these CSP sequences from distinct insect species can be divided into two subgroups (Hymenoptera CSPs and Lepidoptera CSPs) (Fig. S2) . Both of the VvelCSP1-2 are clearly separated from each other by phylogenetic analysis and are most closely related to CSPs from Hymenoptera CSP subgroups. The recombinant VvelCSP1-2 proteins were abundantly expressed in E. coli BL21 (DE3) after IPTG induction and the SDS-PAGE results were consistent with the expected sizes of the VvelCSP1-2 proteins (Fig. S3) .
Fluorescence binding affinities of VvelCSP1-2 proteins in V. velutina
The binding curves and Scatchard plots indicated that the binding of the fluorescent ligand to the VvelCSP1-2 proteins increased with increasing concentrations of the N-Phenyl-1-naphthylamine (1-NPN) (Fig. 5) . VvelCSP1-2 proteins were determined in fluorescence competitive binding experiments with nine synthetic volatile chemicals from the elaiosome of S. tuberosa which elicited obvious electroantennogram responses. As shown in Fig. 5 , both of the VvelCSPs also showed excellent binding capacities to nine synthetic ligands; Ki values were 3.32, 3.61, 1.58, 1.69, 1.97, 1.93, 1.85, 2.48 and 3.71 lM for VvelCSP1, and 1.36, 1.88, 1.43, 2.05, 1.40, 2.19, 1.45, 1.24 and 2.64 lM for VvelCSP2, respectively (Table 2 ). In comparison, most of the volatile chemicals showed a high affinity to the VvelCSP1-2 proteins, indicating that CSP proteins seem to be involved in the olfactory recognition function of V. velutina. Recently, the ecological, behavioral and biochemical aspects of cuticular hydrocarbons in social insects have been reviewed (Howard & Blomquist, 2005; Conte & Hefetz, 2008; Smith & Liebig, 2017) . The reviews suggest that these compounds play an important role in recognition and communication in and between social insects (Howard & Blomquist, 2005; Kather & Martin, 2015) . In this study, we discovered that the odor of hydrocarbons from elaiosomes of S. tuberosa attract hornets to land on capsules. However, hornets seldom landed on the actual capsules without odor (Fig. 2b,d ). Due to the low volatility of long-chain hydrocarbons, it seems likely that these compounds would act as short-distance locational cues (Movie S3). We caught visiting hornets with a pooter when they visited the capsules (Movie S2). Therefore, the preferences of Vespa velutina to olfactory cues from elaiosomes should be innate. Additionally, insect chemosensory proteins (CSPs) have been proposed as carriers to transport chemical stimuli through the sensillar lymph and deliver them to the olfactory receptors (Hansson & Stensmyr, 2011) . Recent studies also report that sensory neurons within the basiconic sensilla of V. velutina preferentially respond to hydrocarbons (Couto et al., 2016 (Couto et al., , 2017 . This current study showed that two CSP genes were mainly expressed in the antennae, whereas there was low expression in other tissues (Fig. 4) , suggesting that the VvelCSP proteins may be involved in olfactory physiological processes of V. velutina. The fluorescence competitive binding assays revealed high binding abilities of VvelCSPs to the volatiles derived from the elaiosome of S. tuberosa (Fig. 5) . These results contribute to our understanding the functions of olfactory receptors in seed-hornet mutualism.
Vespa velutina foragers locate and subsequently attack prey, which include honeybees and social wasps, by both olfactory and visual cues (Tan et al., 2007; Wang et al., 2014; Couto et al., 2016) . We infer that visual cues may have an additional function to attract hornets during close-range inspection ( Fig. 2b-2) . Previous bioassays and chemical analyses revealed that nonvolatile lipids of elaiosomes were almost identical to that of the haemolymph of typical insect prey of ants (Hughes et al., 1994; Fischer et al., 2008) . A further recent study revealed that the gustatory signals of elaiosomes of S. tuberosa are similar to those from other myrmecochorous plants (Chen et al., 2016b) . Therefore, hornets obtain the essential nutrients from the elaiosomes and the rewards may contribute to hornet attraction.
Persistent mutualism between hornets and S. tuberosa
Hydrocarbons are produced by many plants and insects to control the water balance and repel microorganisms (G€ uelz, 1994; Howard & Blomquist, 2005) . During the evolution of the odor of the elaiosomes of S. tuberosa, these compounds may have obtained the additional function of attracting seed dispersers through alterations in their relative proportions and composition. In this study, the hydrocarbons from elaiosome are different to those from the leaves (Table 1) , which implies divergent functions. We suggest that the diaspores of S. tuberosa may represent a fascinating example of evolutionary tactics in angiosperms, exploiting insects for seed dispersal purposes. Additionally, the hornet species V. soror, V. crabro and V. bicolor, and the wasps Parapolybia varia, Vespula flaviceps and Polistes rothneyi also disperse seeds of S. tuberosa ( Fig. 1 ; Chen et al., 2017) . These predators are sensitive to hydrocarbons (Ruther et al., 2002; Cini et al., 2009; Bruschini et al., 2011) and use olfactory cues when foraging for insect prey (Wang et al., 2014; Pietrantuono et al., 2017) . Indeed, these seed dispersers attack diaspores of S. tuberosa in the same way as V. velutina (Movie S1). Gustatory cues from the S. tuberosa elaiosome (proteins, free fatty acids, free amino acids, soluble carbohydrates and others) may mimic haemolymph from insects (Chen et al., 2016b) and hydrocarbons from the elaiosome lead to the hornets landing on the seeds (Figs 1, 2) . Hence, we suggest that 'smelling like prey' may be an adaptation of the plant to attract hornets for seed dispersal.
Recruitment in the context of foraging is communication that serves to bring nestmates to a food source (Beckers et al., 1990) . Unlike many ants and social bees, social hornets often lack a nest-based recruitment signaling system to inform nestmates about known food locations (Richter, 2000; Taylor et al., 2012) . In this study, no recruiting behavior of hornets was observed. However, once an individual hornet collected diaspores of S. tuberosa, it might preferentially seek out that resource again. The frequency of 67 tagged hornets (Fig. 1l) revisiting the same foraging site was c. 29.67 AE 8.40 times. The results imply that hornets were able to learn cues in order to return to the food source. Hornets may feed repeatedly on the same food, thus functioning individually as facultative specialists. Previous studies and this study demonstrated that hornets can learn to associate food with certain visual, spatial and olfactory cues. This leads to successful foraging experiences, which obviously increase foraging efficiency Wilson-Rankin, 2015; Moreyra et al., 2016) . Hornets appear to learn attractive cues from diaspores and develop a search image for other diaspores of the same species, assuring highly effective seed dispersal for S. tuberosa. 
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Significance for seed dispersal by hymenopteran insects Waser & Ollerton (2006) reviewed interactions between pollination and hymenopteran insects in detail in the past decades. However, the evolutionary aspects of seed dispersal by hymenopteran insects, with the exception of ants, have received comparatively little attention. As far as S. tuberosa concerned, the average dispersal distance by hornets was c. 110.7 m. However, the mean seed dispersal distance by ants was on average 1.64 m (Chen et al., 2017) . We conclude that the seed-hornet mutualism is likely to contribute to the colonization of unoccupied new habitat through long-range dispersal and to allow the escape from density-dependent seed and seedling mortality near the parental plant. Recently, seed dispersal by hornets (vespicochory) and bees (mellitochory) were reported (Wallace et al., 2008; Chen et al., 2016b Chen et al., , 2017 . But, little is known about the mechanism in diaspores which promotes foraging by hymenopteran insects. Two typical cases reveal that uncommon volatiles are able to mediate insect-plant mutualism. First, volatile terpenes from the resin of eucalyptus fruits attract resin-searching stingless bees to disperse seeds (Youngsteadt et al., 2008) , and second, the seed odors (3,5-dimethoxytoluene, methyl o-anisate, and others) from the seeds of Peperomia macrostachya promote seed dispersal by ants (Leonhardt et al., 2014) . In this study, we demonstrate that a mixture of hydrocarbons mediates seed dispersal by hornets. Though previous studies indicated that hydrocarbons could mediate pollination in some deceptive orchids (Schiestl et al., 1999; Vereecken & Schiestl, 2008) , to best of our knowledge, this is the first time in which alkanes and alkenes have been identified as diaspore volatiles involved in seed dispersal. This suggests a new strategy taken by plants, whereby they produce signals which already play a role in an animal's own communication systems.
Myrmecochory has evolved independently at least 100 times in angiosperms, and there are > 11 000 flowering plants from 334 genera and 77 families whose seeds are dispersed by ants. Myrmecochory is therefore a key evolutionary innovation and a globally important driver of plant diversity (Lengyel et al., 2010) . Recent studies indicate that cuticular hydrocarbons act as chemical communication cues in the olfactory system of ants (Martin & Drijfhout, 2009; Sturgis & Gordon, 2012; Slone et al., 2017) . Gustatory cues from elaiosomes of typical myrmecochorous plants were similar to those from the haemolymph of the typical insect prey of ants (Hughes et al., 1994; Gammans et al., 2005; Fischer et al., 2008) . Olfactory cues from the elaiosomes of myrmecochorous plants may mimic hydrocarbon compounds from dead insects in order to attract ants. Our recent analysis reveals that seven typical mymecochorous Stemona species and more than six plant families also emit similar hydrocarbons to S. tuberosa (G. Chen et al., unpublished) . Therefore, we suggest that 'smelling like prey' may be not uncommon and may be an underestimated tactic in the dispersal of seeds in other mymecochorous plants. Future work should concentrate on verifying the new mechanism by which hydrocarbons mediate seed dispersal by hornets and ants. 
Table S1 Primers used in the experiments
Methods S1 Interaction between hydrocarbons from diaspore and chemosensory proteins of hornet's antennae.
Movie S1 A tagged Vespa velutina attacks a diaspore of Stemona tuberosa.
Movie S2 To avoid the learned behavior of hornets, we caught the visiting hornets with a pooter.
Movie S3 Behavior response of V. velutina foragers to a dummy treated with the extract from the elaiosomes of S. tuberosa.
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